Abstract. Origin of long-term trends in the thermosphereionosphere system has been discussed since the beginning of trend studies. The two most prioritized explanations have been those via long-term increase of atmospheric concentration of greenhouse gases and long-term increase of geomagnetic activity throughout the 20th century. Secular changes of the Earth's main magnetic field play an important role in trends in a limited region. Recently, Walsh and Oliver (2011) suggested that the long-term cooling of the upper thermosphere (above 200 km) may be due largely to the stratospheric ozone depletion. Here, we show that the role of ozone is very important in the mesosphere and lower thermosphere but not in the upper thermosphere. The suggestion of Walsh and Oliver (2011) is based on historical (before 1988) data from Saint-Santin radar, whereas more recent data do not support their conclusion.
Introduction
The primary driver of long-term trends in the upper atmosphere (mesosphere and thermosphere) and ionosphere is predominantly considered to be the increasing concentration of greenhouse gases, particularly of CO 2 , e.g. Laštovička et al. (2006a) . However, there are also other drivers of trends that play an important role, like long-term changes of geomagnetic activity, secular changes of the Earth's magnetic field, probably long-term changes of activity of atmospheric waves coming from below, and in the mesosphere and lower thermosphere and related part of the ionosphere long-term changes of (stratospheric) ozone concentration (e.g. reviews by Laštovička, 2009 , or Qian et al., 2011 . In order to eliminate strong effect of the solar cycle on calculated trends, data are corrected for solar activity and, therefore, long-term changes of solar activity cannot affect the reported long-term trends in the thermosphere and ionosphere.
There had been some discussions whether carbon dioxide or geomagnetic activity is the leading trend driver in the ionosphere. Probably the geomagnetic activity was dominant in the past, whereas now the greenhouse gases (i.e. carbon dioxide) are the main trend driver (e.g. Laštovička, 2009; Qian et al., 2011) . Recently, Walsh and Oliver (2011) came to conclusion that the long-term cooling of the thermosphere may be due largely to the stratospheric ozone depletion, and the greenhouse cooling may well not be detectable with current data sets. This conclusion is based mainly (even though not only) on analysis of the limited (even though very valuable) data set of ion temperature measurements by the SaintSantin incoherent scatter radar, in France, from heights of about 200-500 km. The purpose of our short contribution is to show that Walsh and Oliver (2011) overestimate the role of ozone due to limited data set used, and that even if ozone may play some role, other trend drivers, including the increasing concentration of greenhouse gases dominate over ozone in driving trends at thermospheric altitudes of about 200-500 km, studied by Walsh and Oliver (2011) . Ozone seems to play a very important but not dominant role in trends in the mesosphere and lower thermosphere (MLT region) (e.g. Laštovička, 2009; Qian et al., 2011) .
Evidence on the role of ozone in the MLT region
There is both model and experimental evidence on the role of ozone in trends in the MLT region. Model calculations by Akmaev et al. (2006) of the impact of ozone and water vapour trends on trends in atmospheric density reveal (Keating et al., 2000; Marcos et al., 2005; Emmert et al., 2008) and model (Akmaev et al., 2006; Qian et al., 2006 ) results on long-term trends in the thermospheric neutral density. Adopted from Emmert et al. (2008) .
the maximum effect of stratospheric ozone depletion, which amplifies greenhouse thermal contraction of the upper atmosphere, at heights near 110 km, i.e. in the lower thermosphere, and it seems to be detectable well into the thermosphere. This model probably somewhat overestimates trends in atmospheric density, since it provides at 200 km remarkably stronger trend in density than observations (Fig. 1) , but the existence of some influence of ozone is indisputable.
The altitude 110 km corresponds to maximum of the ionospheric E-region. Therefore, trends in the E-region critical frequency foE, which corresponds to the maximum E-region electron density, should be affected by trends in ozone. Bremer and Peters (2008) showed that the longitudinal variations of deviations of foE trends and total ozone trends from zonal mean trends • N) reveal very good anti-correlation, both for winter and summer with a slight phase shift. This effect, which is more pronounced in winter, is evidence of ozone influence on E-region trends.
At lower heights in the ionosphere, an analysis of longterm variations of the low frequency reflection height near 81 km and the total ozone content from Arosa revealed similarity in trends in the sense that, in the period of the midlatitude ozone decrease of 1980-1995, the trend in reflection heights was steeper (Bremer and Peters, 2008) . Unfortunately, there is very limited observational information about trends in ozone concentration in the mesosphere and mesopause region, which also could affect trends in the MLT region. However, nothing like stratospheric ozone depletion is expected to occur in the mesosphere, and effect of mesospheric ozone changes on MLT region trends is probably less important.
The role of stratospheric ozone in long-term trends in the mesosphere, lower thermosphere and E-region ionosphere is crucial. Midlatitude stratospheric O 3 concentration has been decreasing since about 1979-1980, with a turnaround of the trend at about 1995-1997 at northern middle latitudes (e.g. Harris et al., 2008) and later also in other regions. Thus, at present the ozone changes affect trends in a way opposite to that in the 1980s. This should result in some modification of trends, e.g. in mesospheric and mesopause region temperatures and as observations document, this is the case (e.g. Qian et al., 2011; Beig, 2011) . Berger and Lübken (2011) confirmed substantial modification of mesospheric temperature trends by ozone. They are the first authors who successfully simulated, by model LIMA, not only qualitatively but even quantitatively the change of temperature trends at 50 km (∼ stratopause) from negative to none or slightly positive after 1997. They attributed this change of temperature trend to the upper stratospheric ozone behaviour.
Summarizing, we may say that stratospheric ozone changes play a very important role in long-term trends in the MLT region, even though the dominant role is still played by greenhouse gases (essentially CO 2 ), except for stratopause and maybe lower mesosphere temperature in periods of dramatic changes of ozone concentration, when the ozone influence appears to be dominant.
Ozone effect on the upper thermosphere and F-region ionosphere
How is it possible, with influence of ozone changes in the upper thermosphere and F-region ionosphere, to have altitudes of about 200-400 (500) km? At the F1 region maximum altitudes near 200 km, no relation between longitudinal dependence trends in foF1 and total ozone has been observed (Bremer, 2008) , contrary to that observed in the E-region. This illustrates decreasing role of ozone with increasing height in the ionosphere above the E-region maximum, in accord with decreasing role of ozone trends in thermospheric density trends with increasing height, as simulated by Akmaev et al. (2006) . Walsh and Oliver (2011) used a data set of ion temperature measurements by the Saint-Santin incoherent scatter radar, in France, from heights of about 200-500 km. These data, which cover the period 1966-1987, reveal a weak (if any) negative trend before 1979 and much stronger negative trend after 1979/1980. This breakpoint coincides with breakpoint in the northern midlatitude ozone trend (e.g. Harris et al., 2008) . Unfortunately, the Saint-Santin data set does not cover the other northern midlatitude breakpoint in 1995-1997, when the northern midlatitude ozone trend turned to opposite. However, another midlatitude incoherent scatter radar is located at Millstone Hill, and its data cover the period 1968-2006 including both breakpoints. Zhang et al. (2011) calculated long-term trends of ion temperatures over the whole interval 1968-2006 at heights 100-550 km and compared them with Saint-Santin trends, as calculated by Donaldson et al. (2010) . Zhang et al. (2011) found ion temperature trends at Millstone Hill to be generally Ann. Geophys., 30, 811-816, 2012 www.ann-geophys.net/30/811/2012/ slightly weaker but with much smoother height profile compared to Saint-Santin. These trends are shown for the Fregion in Fig. 2 . Zhang et al. (2011) found also the first breakpoint but slightly later, in the early 1980s, but scatter of data does not allow more accurate determination than somewhere between 1981-1984 (Fig. 2) . However, when the ozone trend turned to an opposite one in the mid-1990, such a change did not happen in the ion temperature trend. This trend was for the period 1995-2006, again negative and almost doubled compared with the 1968-2006 trend (Zhang et al., 2011) ; the mid-1990s breakpoint is undetectable in ion temperature data, in spite of a larger change of ozone trends than in 1979-1980. This finding strongly supports the greenhouse origin and opposes the ozone origin of ion temperature trends. Walsh and Oliver (2011) showed that for Saint-Santin the trends were much stronger in daytime than in nighttime; they used this finding as evidence supporting predominantly ozone origin of trends. Millstone Hill trends have been studied only for noontime; calculations for other local times are under way. Zhang et al. (2011) found different values of ion temperature for summer and winter, but no difference between summer and winter temperature trends. They also found stronger cooling trends under solar cycle minimum conditions, which is consistent with behaviour of trends in thermospheric density and with larger relative role of CO 2 versus NO in radiative cooling of the thermosphere during solar minimum; this finding supports dominant greenhouse, not ozone origin of trends. Zhang et al. (2011) claim that their trends generally agree with expected response to increasing concentration of greenhouse gases.
Walsh and Oliver (2011) referred to Danilov (2009) , who found that the correlation between daytime and nighttime values of foF2 showed a clear change in trend (from no trend to a systematic trend) in the vicinity of 1980. In other publications Danilov found similar change of trends at about 1980 in other properties of foF2 and hmF2. However, after adding data from the late 1980s and 2000s (until 2005-2007) , Danilov (2011) came to conclusion that in the early 2000s this behavior is violated and no more observed in recent years. However, no change related to ozone breakpoint in the mid-1990s has been observed.
Well-established trends appear to be in thermospheric densities at heights of 200-600 km, where observational and model trends fairly well agree even quantitatively (e.g. Emmert et al., 2008) . They are based on analysis of long-time series of atmospheric drag of many space objects. Saunders et al. (2011) analyzed a smaller data set (41 satellites) with a method different from that of Emmert et al. (2008) and obtained density trends similar to that of Emmert et al. They also calculated the ratio of the observed densities to the model NRLMSISE-00 densities (model driven by solar input, no trend included), shown in Fig. 3 . This ratio revealed a negative trend as expected and a pronounced decrease in the last extreme solar minimum but no "ozone" breakpoints around 1980 or mid-1990s. Solomon et al. (2010) confirmed that the density depletion in the last solar minimum was caused by unusually low decrease of solar extreme ultraviolet radiation. This decrease is not captured by solar indices and, therefore, model values are higher than observed values and a decrease of ratio is observed. Emmert et al. (2008) used data of more than 5000 space objects to establish a large data base of thermospheric densities. Figure 4 reveals an evident negative trend, again with a depression in the last extreme solar cycle minimum. Model GAMDM (Fig. 4b) appears to describe better the time development of thermospheric density than NRLMSISE-00. Figure 4b indicates no negative trend before about 1980, in coincidence with the first ozone breakpoint, but the data series before 1980 is too short to establish reliable long-term trend (at least two solar cycles of data are necessary in the F2 region ionosphere to estimate trend after Laštovička et al., 2006b ). On the other hand, the mid-1990s breakpoint, which is in ozone even more pronounced than the 1980 breakpoint, is not visible in data at all, the trend before and after 1995-1997 appears to be identical. 
Discussion and conclusions
Over the whole period of studies of long-term trends in the mesosphere-thermosphere-ionosphere system discussions and controversies on origin/main driver of observed trends have been continuing. In the past the two most prioritized explanations were those via long-term increase of atmospheric concentration of greenhouse gases and long-term increase of geomagnetic activity throughout the 20th century (e.g. Laštovička, 2009) . In a few regions, particularly in the low latitude Southern America, an important role has also been played by secular changes of the Earth's main magnetic field (e.g. Qian et al., 2011) . Noctilucent clouds may be affected by long-term changes of mesospheric water vapour concentration, of which not much is known. Quite recently, Walsh and Oliver (2011) argued for the dominant role of stratospheric ozone changes in trends in the upper thermosphere and upper ionosphere.
The absence of the second breakpoint in the thermospheric density data as well as in ion temperature data excludes the stratospheric ozone changes as possible driver of trends in the upper thermosphere and upper ionosphere. The stratospheric ozone changes are of high importance for trends at MLT region heights, and in this region the second "ozone" breakpoint is well pronounced. Saint-Santin measurements terminated in 1987; therefore, Walsh and Oliver (2011) could not investigate behaviour of ion temperatures around the mid1990s ozone breakpoint. Their conclusion on primary role of ozone in trends at upper thermospheric heights based on limited data set was logical, but more recent data show that it is not the case.
If we assume that the breakpoint around 1980 is not directly caused by stratospheric ozone, another origin has to be searched for. One possibility is change in dynamics, particularly in atmospheric wave activity. Merzlyakov et al. (2009) found a breakpoint in the semidiurnal tide in the mesopause region winds at higher middle latitudes near 1980. Data on foE, presented by Bremer and Peters (2008) , allow interpretation with a breakpoint near 1980, as well. However, Portnyagin et al. (2006) and Merzlyakov et al. (2009) showed that the prevailing wind and semidiurnal tide in the mesopause region in the midlatitude Northern Hemisphere as well as in Antarctica changed the trend (mostly to opposite one) near 1990. Laštovička et al. (2010) found trend breakpoint in ∼1990 for stratospheric winds and foE at the same latitudes where it was found for mesopause region winds. However, this change around 1990 happened neither in ozone (breakpoint 1995-1997) , nor in thermospheric density or ion temperature. Thus, the more recent breakpoint in winds (which are closely related to atmospheric wave activity) is not reflected in thermospheric/ionospheric trends, which makes assumption of wind/atmospheric wave activity as the origin of ionospheric trend change near 1980 questionable. Further investigations are necessary.
In conclusion we may say that changes in the stratospheric ozone concentration play a very important role in long-term trends in the mesosphere and lower thermosphere, but the long-term trends in the upper thermosphere and the F-region ionosphere are dominated by other trend drivers, at present probably mainly by the increasing concentration of greenhouse gases (carbon dioxide) with little role of ozone, if any. In the past the ionospheric trends were probably dominated by long-term changes in geomagnetic activity (e.g. reviews by Laštovička, 2009 , or Qian et al., 2011 .
Last but not least, it is necessary to mention that ozone changes are very important for trends at decadal time scale but essentially unimportant at centennial time scale. One hundred years after the beginning of anthropogenic ozone decline, the stratospheric ozone will very probably be recovered or at midlatitudes even over-recovered due to greenhouse effect; thus, the overall impact of ozone changes on trends at centennial time scale will be essentially none, compared to effect of greenhouse gases.
